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Abstract It is widely assumed that spillover of alien
parasites to native host species severely impacts naı̈ve
populations, ultimately conferring a competitive
advantage to invading hosts that introduced them.
Despite such host-switching events occurring in
biological invasions, studies demonstrating the impact
of alien macroparasites on native animal hosts are
surprisingly few. In Europe, native red squirrels
(Sciurus vulgaris) are replaced by introduced North
American grey squirrels (S. carolinensis) mainly
through resource competition, and, only in the United
Kingdom and Ireland, by competition mediated by a
viral disease. In Italy such disease is absent, but
spillover of an introduced North American nematode
(Strongyloides robustus) from grey to red squirrels is
known to occur. Here, we used long-term (9 years)
capture-mark-recapture and parasitological data of red
squirrels in areas co-inhabited by grey squirrels in
Northern Italy to investigate the impact of this alien
helminth on naı̈ve native squirrels’ body mass, local
survival, and reproduction of females. We found no
negative effect of the alien parasite on body mass or
reproductive success, but intensity of infection by S.
robustus reduced survival of both male and female
squirrels. Significantly, survival of squirrels co-in-
fected by their native nematode, Trypanoxyuris sciuri,
was less affected by S. robustus, suggesting a protec-
tive effect of the native helminth against the new
infection. Hence, we demonstrate that alien S. robus-
tus spillover adds to the detrimental effects of resource
competition and stress induced by grey squirrels,
further reducing the fitness of the native species in the
presence of the invasive competitor.
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Biological invasions are considered one of the major
threats to wildlife conservation (Clavero and Garcı́a-
Berthou 2005; Vilà et al. 2010; Simberloff 2011).
Once Invasive alien species (IAS) are introduced, they
can threaten native species through several ecological
processes, including competition, predation and
hybridization (Largiadèr 2008; Doherty et al. 2016;
Mazzamuto et al. 2017a). Furthermore, during the last
decade, a number of studies have highlighted that
parasites might play a paramount role in mediating
invasions (Dunn et al. 2012; Strauss et al. 2012; Miller
et al. 2018). For example, according to the ‘‘enemy-
release hypothesis’’, the higher demographic success
of invaders may be partly due to the loss of many of
their (co-evolved) parasites during the introduction
process (Torchin et al. 2001; Prenter et al. 2004;
Schoeman et al. 2019; Diagne et al. 2020; Gozzi et al.
2020). However, invading hosts will likely introduce
at least some parasite species from their native range
and these alien parasites may spill-over to a suscep-
tible native species (Power and Mitchell 2004; Telfer
and Bown 2012). It is widely assumed that such shared
parasites may then mediate the competition between
the two species: if the alien parasite has a greater
impact on the naı̈ve species than on the invader, the
latter will gain a competitive advantage and the
probability of a successful invasion will increase
(disease-mediated invasions) (Strauss et al. 2012;
McIntire and Juliano 2021). Finally, alien species may
also acquire local parasites, amplifying (spillback:
Kelly et al. 2009; Sherrard-Smith et al. 2015) or
diluting their circulation (dilution effect: Thieltges
et al. 2009; Telfer and Brown 2012).
One of the best-known paradigms of spillover and
disease-mediated invasions is the Squirrel poxvirus
(SQPV) which strongly influences the outcome of
interspecific competition between introduced North
American Eastern grey squirrels (Sciurus carolinen-
sis) and native Eurasian red squirrels (S. vulgaris) in
Great Britain and Ireland (Tompkins et al. 2002;
Rushton et al. 2006). While several other examples of
bacterial, viral or fungal infections spillover in the
context of biological invasions have now been iden-
tified, studies demonstrating a detrimental effect of
alien macroparasites on native vertebrate species are
conversely surprisingly scarce (Lymbery et al. 2014).
Still, we know that macroparasites can have a strong
influence on hosts’ fitness traits and consequently on
population dynamics, affecting the outcome of inter-
specific competition to the point of causing the
exclusion of one species by the other (Hudson and
Greenman 1998; Greenman and Hudson 2000). For
example, this was observed through experimental
manipulation for the introduced ring-necked pheasant
(Phasianus colchicus), the native grey partridge
(Perdix perdix) and their shared parasite, Heterakis
gallinarum in the U.K. (Tompkins et al. 2000, 2001).
The paucity of evidence regarding alien macroparasite
spillover might be partly due to the intrinsic difficul-
ties of measuring their impact in native, often endan-
gered, wildlife without recurring to experimental
manipulation. An alternative approach to measure
the usually sub-lethal effects of macroparisitic infec-
tion on free-living species is making use of long time-
series data that allow to highlight the impact of
infection on fitness traits such as host survival,
fecundity and body condition (Cattadori et al. 2008;
Heins and Baker 2008; Leivesley et al. 2019).
Here we use therefore a long-time data series on red
squirrels inhabiting areas colonised by introduced
invasive grey squirrel to investigate the effects of an
alien macroparasite spillover on body mass, local
survival and reproduction in naive individuals of the
native species. Since its introduction in Italy in 1948,
in all sites colonised by the grey squirrel, red squirrel
populations disappeared or are declining (Gurnell
et al. 2004; Martinoli et al. 2010; Bertolino et al. 2014)
due to interspecific competition for high-quality food
resources which reduces female reproductive success
and juvenile recruitment (Wauters et al. 2002a, 2002b;
Gurnell et al. 2004). The effects of the alien species
presence extend also to personality and physiology; in
red-grey sites, red squirrels show higher sociability
and higher concentration of stress hormones than in
red—only sites (Santicchia et al. 2018a; Wauters et al.
2019). Contrary to Great Britain and Ireland, there is
no evidence of SQPV circulating in Italy (Romeo et al.
2019), but spillover of an alien endoparasite (Strongy-
loides robustus) introduced by grey squirrels has been
demonstrated (Romeo et al. 2015). In a natural
situation (only red squirrels present), the gastrointesti-
nal macroparasite fauna of red squirrels is dominated
by a single nematode, Trypanoxyuris sciuri (preva-
lence 87.1%) (Romeo et al. 2013). In contrast, grey
squirrels in their native range co-evolved with a much
richer macroparasite community and despite having
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lost many species during the introduction process, they
successfully carried along the nematode S. robustus,
which is the main helminth infecting Italian popula-
tions (prevalence 56.6%) (Romeo et al. 2014a). In sites
co-inhabited by the two species in Italy, grey squirrels
acquire local T. sciuri from native red squirrels only
rarely (Romeo et al. 2014a), whereas alien S. robustus
frequently spills over to native squirrels reaching the
same prevalence observed in the original host (61%)
(Romeo et al. 2015). In contrast with the known lethal
effects of SQPV infection, the pathogenic effect of S.
robustus on the native host species is still unknown,
although Santicchia et al. (2020) showed that this
infection in red squirrels reduces the host’s expression
of activity, an energetically costly personality trait.
It is known from experimental studies on laboratory
rodents that the immune response against Strongy-
loides species ultimately hinders the worm’s feeding
capability, leading to adult parasites having a smaller
size and a lower per capita reproductive output
(Wilkes et al. 2004; Viney et al. 2006). Egg counts
data coupled with adult worm intensity data (i.e.
number of adult worms counted post-mortem within
the intestine) suggest that a similar kind of response
occurs also in the grey squirrel-S. robustus system
(Romeo et al. 2014b). Lacking post-mortem data, we
cannot say whether S. robustus infection in this naı̈ve
host elicits a similar, if any, specific immune response.
However, a comparison of empirical data on egg
counts in the two squirrel species suggests that red
squirrels may not be able to effectively suppress S.
robustus fecundity, as infected individuals shed on
average over tenfold the eggs shed by grey squirrels,
the natural hosts of S. robustus (Romeo et al.
2014b, 2020; Santicchia et al. 2020).
Using data from 9 years of capture-mark-recapture
and parasitological data on red squirrels living in areas
co-inhabited by grey squirrels, we tested for an effect
of alien S. robustus spillover on naive native squirrels’
condition and fitness. We predict that infection by the
alien parasite (S. robustus) will reduce the body
condition of naı̈ve red squirrels, measured as body
mass (using foot length as a co-variate), and will
negatively affect their fitness, either by reducing
survival or reproduction. Finally, we expect animals
co-infected by both the native and the alien parasite to
suffer a greater decrease in body condition and/or
fitness compared to mono-infected animals.
Materials and methods
Squirrel captures
Red squirrels were captured from 2011–2019 at six
different sites located in Northern Italy, all co-
inhabited by alien grey squirrels at the time of trapping
(Suppl. Material Table S1). All the sites are lowland
mixed-deciduous woods (17–80 ha) characterised by
similar tree-species composition [dominant tree spe-
cies oaks (Quercus robur, Q. petraea, Q. rubra) and
hornbeam (Carpinus betulus), with\ 20% conifers]
and climate. Squirrels were captured using Tomahawk
live-traps (model 202, Tomahawk Live Trap Co., WI,
USA) that were baited with hazelnuts and checked
every three hours to limit containment stress. At first
capture, each squirrel was marked with a numbered
ear-tag (Monel 1005 1L1 ear-tag, National Band &
Tag Co. Newport, KY, USA) and sexed. At every
trapping occasion, squirrels were weighed to the
nearest g using a spring balance, their right hind foot
measured to the nearest 0.5 mm (nails excluded) with
a thin wing ruler (Wauters et al. 2007; Mazzamuto
et al. 2017b), and their reproductive condition
recorded as described in (Dantzer et al. 2016). We
considered a female as reproductively active when it
was in post-oestrus, pregnant or lactating (Wauters
and Lens 1995; Santicchia et al. 2018b). Tape tests for
parasitological examination for T. sciuri were col-
lected by sticking for a few seconds 3 cm of transpar-
ent adhesive tape (ScotchTM 508, 3 M Company,
USA) on a squirrel’s perianal region and then applying
the tape on a microscope slide. Slides were stored in a
slide plastic holder to keep them spaced apart. Whole
faecal pellets for copromicroscopic analysis of S.
robustus were collected from the trap floor and the
ground below and stored dry at 4 C until laboratory
analysis. The trap floor was cleaned with 90% alcohol
after each capture and the ground below the trap was
carefully brushed, to avoid cross-contamination
among consecutive trappings.
Parasitological examination
Both tape tests and faecal samples were examined
within 4 days from sampling, to prevent helminth eggs
deterioration. Tape tests were examined under a
microscope (40 9 magnification) for T. sciuri eggs
to obtain qualitative information on infection status
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(i.e., infected or not-infected). Faecal samples were
analysed through the quantitative McMaster method,
by using saturated NaCl solution (1200 g/l) as
described in (Romeo et al., 2014b, 2015). Briefly,
both chambers of a McMaster slide were filled with
faeces diluted in a known volume of solution (10 ml/g
of faeces), the slide examined under a microscope
(100 9 magnification) and helminth eggs identified
and counted.
Statistical analysis
Since seasonal fluctuations in body mass as well as
effects of reproductive condition on body mass differ
between male and female red squirrels (Wauters and
Dhondt 1989; Wauters et al. 2007) and reproductive
success was determined only for females, we analysed
the effects of parasite infection for each sex separately.
Individual variation in i) body mass ii) local
survival over the next 12 months (yes/no) and iii)
reproductive success of females during the breeding
seasons (produced a litter yes/no) was investigated
using linear mixed models (i) and mixed logistic
regressions (ii and iii). The dependent variable local
survival (model ii) from timet0 to timet12 was scored 1
if an individual was still present in the study area
12 months after the initial capture (timet0), it was
scored 0 when it was no longer present at timet12. (see
also Wauters et al. 2007 and Santicchia et al. 2018b).
Juvenile squirrels (\ 260 g) were excluded from the
analyses. Year 2019 was excluded from survival (ii)
models since we had no recapture data for 2020
(12 months later), while captures from non-breeding
months (i.e. November, December and January) were
excluded from the female reproductive success (iii)
model. In all models, year was added as a random
intercept and individual IDs were included as a
repeated measure with a compound symmetry covari-
ance structure to account for pseudoreplication (Ver-
beke and Molenberghs 2000). The effect of parasite
infection on the three dependent variables was
explored by including as explanatory variables: S.
robustus faecal egg counts (SrFEC, the number of
eggs counted in a McMaster slide), presence/absence
of T. sciuri (TsPA), presence/absence of other
helminths (otherPA), and a first order SrFEC*TsPA
interaction. Highly skewed SrFEC data were log-
transformed [ln (x ? 1)] to improve the fit of the
models. We further tested for the effect of foot length
(model i), season/breeding season (i and iii), study
area (all models) and reproductive condition (i and ii).
We started from full models and obtained minimal
models through backward elimination of non-signif-
icant variables and interactions (partial p set at 0.15;
Supplementary material Tables S2 to S6). Compar-
isons of factors with more than two levels was carried
out through t-tests on differences of least square
means, applying Tukey’s correction for multiple
comparisons. Unless otherwise indicated, all values
are represented as mean ± Standard Error (SE). All
the analysis were carried out using PROC GLIMMIX
in SAS 9.4 software (Copyright  2012 SAS Institute
Inc., Cary, NC, USA).
Results
Parasitological examination
We collected data from 166 different adult red
squirrels (88 males and 78 females), for a total of
366 examined parasitological samples (193 from
males and 173 from females). Overall, 210 samples
were positive for S. robustus (57.4%; 95%CI: 52.3%–
62.5%), 280 samples were positive for T. sciuri
(76.5%; 72.1%–80.9%) and only 32 samples (8.7%;
5.8%–11.6%) were positive for other gastro-intestinal
helminth taxa (namely strongylid and capillarid
nematodes). Roughly half of the samples (44.8%;
39.7%–49.9) showed S. robustus and T. sciuri coin-
fection. Mean abundance of S. robustus eggs in red
squirrel’s faeces was 5204 ± 772 EPG (eggs/gram of
faeces), with values in infected individuals ranging
from 33 to over 160.000 EPG. Detailed results of
parasitological examination by sex are provided in
Table 1.
Male squirrels
Body mass (g) of male red squirrels varied positively
with SrFEC (parameter estimate ± SE: 7.2 ± 2.0;
p = 0.0003) and hind foot length (8.3 ± 1.8;
p\ 0.0001). It varied also by study area
(p = 0.034), was higher in reproductively active males
(i.e., males with scrotal testes; p = 0.0006) and in
autumn and winter than in spring (padj\ 0.0001 and
padj = 0.0011, respectively; Table S2).
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The probability for male squirrels of surviving over
the next 12 months was negatively associated with
both SrFEC (-0.22 ± 0.21; p = 0.0042) and TsPA (-
1.23 ± 0.58; p = 0.034). Additionally, there was a
significant interaction between the two parasites
(p = 0.047), with a stronger negative effect of SrFEC
on survival in animals not coinfected by T. sciuri
(Fig. 1a; Table S3).
Female squirrels
Bodymass (g) of female red squirrels varied positively
with hind foot length (parameter estimate ± SE:
10.33 ± 1.61; p\ 0.0001) and was associated with
reproductive conditions (p\ 0.0001), with non-
breeding females showing lower values than both
post-oestrus and lactating females (both padj-
\ 0.0001; Table S4).
The probability for female squirrels of surviving
over the next 12 months was negatively associated
with both SrFEC (-0.20 ± 0.23; p = 0.036) and TsPA
(-1.88 ± 0.61; p = 0.0021) (Fig. 1b). The final model
(Table S5) retained the SrFEC*TsPA interaction
where it showed the same pattern found for males,
but was not significant (p = 0.11), and a non-signif-
icant effect of body mass (p = 0.070).
Table 1 Infection by native (Trypanoxyuris sciuri) and alien
(Strongyloides robustus) gastro-intestinal helminths in 166 red
squirrels (Sciurus vulgaris) co-inhabiting with alien grey
squirrels (S. carolinensis). N = nr. of examined samples,
P = prevalence of infection (%), EPG = no. of eggs/gram of
faeces






































Fig. 1 Predicted relationship between survival probability and S. robustus fecal egg counts (log-transformed values) in (a) male red
squirrels and (b) female red squirrels coinfected (red) and not coinfected (green) by T. sciuri. Bands represent 90% confidence limits
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Finally, reproductive success of females was pos-
itively influenced by body mass (0.09 ± 0.02;
p\ 0.0001) and varied between the two breeding
seasons, with a higher probability of reproducing
successfully in spring than in autumn (p\ 0.0001).
There was also a significant difference among study
areas (p = 0.046), while the effect of SrFEC was not
significant (p = 0.08; Table S6).
Discussion
We investigated the effects of infection by alien S.
robustus and native T. sciuri nematodes on body mass,
local survival and reproduction of native red squirrels.
As predicted, intensity of infection by S. robustus
(measured as faecal egg counts) had a general negative
effect on survival of both male and female red
squirrels. However, there was no effect of the alien
parasite on female squirrels’ reproductive success or
body mass, whereas in males we found a positive
relationship between body mass and S. robustus egg
counts. Infection by T. sciuri had a negative effect on
squirrels’ survival as well, while consistently with
previous findings (e.g., Romeo et al. 2013, 2015) other
gastro-intestinal parasite species were found rarely
and did not affect any of the examined variables.
Our data showed that in squirrels of both sexes, the
probability of surviving over the next twelve months
was negatively related to S. robustus egg counts,
indicating a negative effect of the alien parasite on
local red squirrel survival. It is widely assumed that
spillover of an alien parasite from an invading to a
closely-related native species will be severely detri-
mental to the new host, because the naı̈ve species will
represent a physiologically similar host, but lack any
coevolved tolerance or resistance to the parasite
(Prenter et al. 2004; Strauss et al. 2012; McIntire and
Juliano 2021). However, despite such host-switching
events appear to be relatively common in biological
invasions, studies demonstrating the pathogenic effect
of alien macroparasites on native animal hosts,
particularly mammals, are surprisingly few and only
in a handful of cases the impact on naı̈ve hosts was
found to be higher than on the natural host, supporting
the occurrence of parasite-mediated competition (see
Lymbery et al. 2014 and references therein). This is at
least partially related to the intrinsic challenges of
quantifying macroparasitic impacts in living, often
threatened, animal species. Except for a few observa-
tional data on S. robustus severe infections (Davidson
1976), the impact of this parasite on grey squirrel
fitness is still unknown, hence we cannot say whether
the nematode has a greater impact on its natural or new
host species. However, we had demonstrated in a
previous work that infection by alien S. robustus
reduces costly personality traits in red squirrels
(Santicchia et al. 2020), and here we further show
that the parasite has a negative impact on the native
species survival. We acknowledge that our local
survival estimate is influenced by recapture probabil-
ity and potential dispersal (emigration) of marked
animals, but since both annual recapture probabilities
and site-fidelity of adult red squirrels are high (for
detailed analyses and discussion see Wauters et al.
2004, 2008 and Santicchia et al. 2018b), we are
confident that our estimate mostly captures actual
survival rather than dispersal. A different source of
bias in annual survival estimates could be due to the
parasite affecting host behaviour and/or its willingness
to enter a trap, measured as trappability (Santicchia
et al. 2018b, 2021). As mentioned above, we indeed
found that infection by alien S. robustus reduced host
activity, an energetically costly personality trait (San-
ticchia et al. 2020). However, since individual varia-
tion in levels of activity in the red squirrel is not
correlated with the animals’ trappability (Santicchia
et al. 2021), and since average annual capture
probabilities in the populations studied here were
high (ca. 90%), we are confident that our survival
estimates are not biased in relation to intensity of
infection. Hence, independently from its potential role
in mediating the competition between the two squir-
rels, we can affirm that S. robustus spillover surely
adds to the detrimental effects induced by the presence
of invasive alien grey squirrels on physiological stress
in co-occurring red squirrels (Santicchia et al. 2018a),
and on interspecific resource competition, which
reduces red squirrel fitness (Gurnell et al. 2004).
Reduced survival of native red squirrels was also
observed in areas invaded by another alien competitor,
Callosciurus erythraeus (Mazzamuto et al. 2017a),
although in this system there was no evidence of
spillover of macroparasites (Mazzamuto et al. 2016),
but red squirrels had a poorer body condition when co-
occurring with the IAS (Mazzamuto et al. 2017b).
In addition to S. robustus, our data show that red
squirrels infected by native T. sciuri had a reduced
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survival probability compared to uninfected individ-
uals. Contrary to our expectations however, co-
infection by these two parasites did not result in the
lowest survival probability. On the contrary, in male
squirrels, the negative effect of the alien parasite was
significantly stronger in individuals that were not co-
infected by the native parasite, and a similar tendency
was detected in females, albeit not significant. The
observed interaction however, depends on S. robustus
intensity of infection: as expected, at low EPG values
mono-infected animals showed a higher survival
probability compared to co-infected individuals, but
the pattern reversed after a certain infection threshold.
This suggests that T. sciuri infection has a protective
effect from S. robustus, either by reducing its
virulence through inter-specific competition or by
increasing the host resistance or tolerance against it
through immune-mediated effects (Cox 2001; Lello
et al. 2004; Karvonen et al. 2019). Although egg
counts (for S. robustus) and presence/absence data (for
T. sciuri) do not allow us to draw any conclusion on
this, a strong competitive interaction between the two
parasite species appears unlikely, since they exploit
different niches within a squirrel’s gastro-intestinal
tract (Anderson 2000). Hence, this result might be
instead related to cross-immunity, with co–infected
squirrels benefitting from the immune response
already mounted against the native parasite (Cox
2001; Karvonen et al. 2019). Alternatively, infection
by alien S. robustus in naı̈ve individuals might lead to
immunopathology (Graham et al. 2005) and in this
case, a previous exposure to T. sciuri could have a
protective effect by modulating the immune response
and inhibiting severe inflammation, as observed in
other systems (Bazzone et al. 2008). Independently
from co-infection, our results show that alien S.
robustus has a consistent negative effect on survival in
red squirrels of both sexes: the higher the egg count,
the lower the probability to survive over the next
twelve months.
Using body mass itself as a condition index,
contrary to our predictions we observed a positive
relationship between S. robustus egg counts and
squirrels body mass in males, but not in females.
Adding foot length as a co-variate in our models
allowed to partially correct for the confounding effect
of size on body mass, but we are aware that body mass
represents at best a coarse index of body condition
that, while being able to reveal some macroecological
patterns, cannot reflect the finer and subtle effects of a
macroparasitic infection. Hence, this positive rela-
tionship between parasitic infection and body mass is
probably an indirect consequence of other mecha-
nisms that might influence exposure, like dominance
and social structure. Indeed, earlier studies revealed
that also T. sciuri abundance (adult helminth counts in
the intestine of road-killed individuals) increased with
host body mass in male red squirrels, but decreased in
females (Romeo et al. 2013). Moreover, in its native
host, the grey squirrel, S. robustus abundance (adult
worm counts) was positively related with squirrel
body mass as well, in this case independent of sex
(Romeo et al. 2014a). The other relationships of body
mass with foot length, season, and reproductive
condition confirmed patterns discussed in detail in
earlier studies (Wauters and Dhondt 1989; Wauters
et al. 2007).
As in previous studies, female reproductive success
strongly depended on body mass and varied with
season and among study areas (Wauters and Dhondt
1989; Wauters and Lens 1995; Wauters et al. 2007),
but it was not affected by any of our measures of
parasite infection. Theoretical models predict that
highly prevalent parasites affecting host fecundity
may have a dramatic impact on population dynamics,
quickly leading small populations to extinction
(McCallum and Dobson 1995; O’Keefe and Antono-
vics 2002). In the light of this, the lack of any
relationship between S. robustus and female red
squirrel reproductive success appears reassuring.
However, post-breeding data on litter size would be
needed to truly exclude a parasite-mediated reduction
on females’ reproductive output. Earlier studies
showed also that local recruitment of juvenile red
squirrels was also strongly reduced where the native
species co-occurred with the alien congener (Gurnell
et al. 2004). In the present study we did not investigate
effects of S. robustus spillover on the recruitment
(early survival) of red squirrels, because monitoring
juvenile survival and settlement requires a different
approach of intensive capture-mark-recapture and
radio-tracking (Wauters et al. 1993, 2010). Future
studies monitoring parasite infection, movement,
dispersal and settlement of juveniles and subadults
would be paramount to explore potential effects of
spillover during early life.
Overall, our results demonstrate that spillover of an
alien macroparasite, co-introduced with its invasive
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host, reduces survival in a native mammal, further
adding to the detrimental effects on its fitness induced
by other forms of competitive interactions with the
invasive host species. This finding highlights the
importance of taking into account macroparasitic
infections when dealing with biological invasions, as
their subtle effects on fitness are indeed often over-
looked, yet may contribute to drive native species to
extinction. Further data on reproductive output cou-
pled with a mathematical modelling approach could
disclose the impact of S. robustus spillover on red
squirrel population dynamics, while investigating the
pathogenicity of the same parasite on its grey squirrel
natural host would reveal whether this endoparasite is
actually mediating the competition between the two
squirrel species.
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